In this work we show that the fiber optic angular displacement sensor is capable of Lamb wave detection, with results comparable to a piezoelectric transducer. Therefore, the fiber optic sensor has a great potential to be used as the Lamb wave ultrasonic receiver and to perform non-destructive and non-contact testing.
INTRODUCTION
The non-destructive testing (NDT) with ultrasonic waves is a widely used technique [1] [2] [3] in the aeronautics and aerospace industries, for example, for performing flaw detection or measurement of parameters as thickness or porosity. Usually, the generation and the reception of acoustic waves are accomplished by using piezoelectric materials 4, 5 . In this work, however, for the detection, we regard the application of a fiber optic angular displacement sensor. This sensor was formerly applied to detection of ultrasonic waves as longitudinal, shear and Rayleigh waves 6 . In the present work, we show the sensor potential for Lamb wave detection in metal plates, which can lead to the development of a non-contact, non-destructive, and coupling medium free technique for NDT with Lamb waves.
FIBER OPTIC ANGULAR DISPLACEMENT SENSOR
The sensor comprises two single-mode optical fibers: a transmitting and a receiving one, a positive lens, a laser, a photodetector, and a reflective surface. At one end, the fibers are positioned parallel and aligned to each other, in front of the positive lens. This lens is positioned in front of the reflective surface, forming the sensor head shown schematically in Fig. 1 . The quantity Z 1 corresponds to the distance between the positive lens and the reflective surface; Y 2 corresponds to the position of the spot center (focused at the receiving fiber) in relation to the transmitting fiber center; and θ, to the angular displacement of the reflective surface. 
Working principle
The working principle of the sensor consists in modulating the optical intensity, coupled into the receiving fiber, by the angular displacement of the reflective surface. The optical beam from laser is emitted by the transmitting fiber and collimated by the positive lens up to the reflective surface. After being reflected, the beam passes through the lens again and is focused on the receiving fiber. In this process, the positive lens converts the angular displacement θ into the spot position, Y 2 , which determines the amount of light coupled into the receiving fiber 6 . Another important function of the lens is to unlink the linear displacement Z 1 from the angular displacement measurement 7 .
EXPERIMENTAL RESULTS
In order to verify the potential of the fiber optic angular displacement sensor to detect Lamb waves in an aluminum plate, we mounted an experimental setup, as shown in Fig. 2 . The piezoelectric transducer is used to generate a longitudinal wave that, in turn, is coupled to an acrylic prism. This prism allows an incidence angle θ i = 30 o , which converts the longitudinal wave into the S0 mode of Lamb wave. The parameter d 1 is the distance that the longitudinal wave travels in the acrylic, while d 2 is the distance traveled by the Lamb wave in the plate, up to the detector. In the case where the detector is the fiber optic angular displacement sensor, the aluminum plate itself plays the role of the reflective surface. The aluminum plate used in this work has dimensions of 300 mm x 450 mm x 1 mm. It is noteworthy that a slight polishing was applied to the aluminum plate in the region of measurement. In this work, this is needed to the sensor receive a homogeneous light spot and ensure a good signal-to-noise ratio.
Once the plate is positioned, the sensor is aligned in order to determine an operation point (quiescent point) in the middle of the linear region of its characteristic curve. Therefore, angular displacements around the operation point can be detected by the sensor.
The piezoelectric transducer was then driven by a voltage pulse with four cycles and Gaussian envelope at 1 MHz frequency, as shown in Fig. 3 . Therefore, the output of the fiber optic angular displacement sensor was then acquired and the result is shown in Fig. 4 Using the Hilbert transform, regarding the time difference between the input and the output pulse, the distances d 1 and d 2 , and the velocity of the longitudinal wave on the acrylic, the velocity of the Lamb wave was measured as c S0 = 4.953 mm/µs, which presents a difference around 3% in relation to the S0 mode theoretical value, 5.091 mm/µs.
Another experiment was performed with a piezoelectric transducer as the detector, in order to compare with the fiber optic sensor performance. In this case, in Fig. 2 , the fiber optic sensor's optical beam was replaced by the transducer. The same pulse shown in Fig. 3 was applied to the generating transducer and the corresponding output of the piezoelectric detector was acquired and shown in Fig. 5 . The Lamb wave velocity was also measured from the data acquired with the piezoelectric transducer using the Hilbert transform, as c S0 = 5.203 mm/µs, which means a difference of about 2% in comparison with the theoretical value. The difference between the fiber optic sensor and the piezoelectric detector was approximately 5%. Figures 4 and 5 present a similar result for the fiber optic angular displacement sensor and the conventional piezoelectric transducer, showing that the fiber optic sensor is capable of detecting Lamb waves.
DISCUSSION
In this work we showed that the fiber optic angular displacement sensor is capable of detecting Lamb waves. This means that this sensor has a great potential to perform non-destructive and non-contact inspection by using this type of wave.
The fiber optic angular displacement sensor presents advantages when compared with the piezoelectric transducer, as: mechanical uncoupling with the sample under test, high temperature measurement (e.g. above Curie temperature) is possible, high bandwidth, no mechanical loading is imposed to the structure under test, no coupling medium is required, allows measurement in complex geometry samples, robot compatibility, and allows remote measurement with data transmission by the optical fibers. Among the disadvantages we can cite the following: a reflective surface is needed in the measurement point, higher complexity of the setup, optical alignment is required, and at least by now, it presents lower signal amplitude. The last disadvantage mentioned will be addressed in the next steps in this research.
Once the sensor's potential for detecting Lamb waves was demonstrated, this can lead to the development of a noncontact, non-destructive, and coupling medium free technique for NDT with Lamb waves.
